Leaf dry mass per unit area (LMA) has been suggested to negatively affect the mesophyll conductance to CO 2 (g m ), the most limiting factor for photosynthesis per unit leaf area (A N ) in many evergreens. Several anatomical traits (i.e., greater leaf thickness and thicker cell walls) constraining g m could explain the negative scaling of g m and A N with LMA across species. However, the Mediterranean sclerophyll Quercus ilex L. shows a major within-species variation in functional traits (greater LMA associated with higher nitrogen content and A N ) that might contrast the worldwide trends. The objective of this study was to elucidate the existence of variations in other leaf anatomical parameters determining g m and/or biochemical traits improving the capacity of carboxylation (V c,max ) that could modulate the relationship of A N with LMA across this species. The results revealed that g m was the most limiting factor for A N in all the studied Q. ilex provenances from Spain and Italy. The within-species differences in g m can be partly attributed to the variation in several leaf anatomical traits, mainly cell-wall thickness (T cw ), chloroplast thickness (T chl ) and chloroplast exposed surface area facing intercellular air spaces (S c /S). A positive scaling of g m and A N with V c,max was also found, associated with an increased nitrogen content per area. A strong correlation of maximum photosynthetic electron transport (J max ) with A N further indicated a coordination between the carboxylase activity and the electron transport chain. In conclusion, we have confirmed the strong ecotypic variation in the photosynthetic performance of individual provenances of Q. ilex. Thus, the withinspecies increases found in A N for Q. ilex with increasing foliage robustness can be explained by a synergistic effect among anatomical (at the subcellular and cellular level) and biochemical traits, which markedly improved g m and V c,max .
Introduction
The leaf economics spectrum describes the variation in photosynthetic rates across plant species with different leaf structure and chemistry along resource availability gradients (Wright et al. 2004 , Reich et al. 2007 , Hallik et al. 2009 ). Some studies have suggested the existence of a leaf economics spectrum within single species that may resemble the trends found at global level (Bonser et al. 2010 , Vasseur et al. 2012 , Blonder et al. 2013 ).
However, it is still under discussion whether the within-species genetic (ecotypic) and environmental (plastic) variations throughout the resource availability gradients follow the trends found among different species.
Recently, Niinemets (2015) constructed an extensive database of foliage structural, chemical and photosynthetic traits covering the full species range for the Mediterranean sclerophyll Quercus ilex L. This study showed a major variation in leaf functional traits in Q. ilex and suggested that there is single-species leaf economics spectrum that might contrast the trends in the worldwide economics spectrum (Niinemets 2015) . In particular, greater leaf dry mass per unit area (LMA) in Q. ilex was associated with higher leaf nitrogen content, and photosynthetic capacity on a leaf area basis (Niinemets 2015) .
This evidence runs counter to the general consensus that LMA is a key structural trait that should negatively influence the photosynthetic performance of the plant (Wright et al. 2004 (Wright et al. , 2005 due to a higher investment in non-photosynthetic tissue and/or a lower efficiency of the photosynthetically active mesophyll (Niinemets et al. 2009a , Hassiotou et al. 2010 ). This latter effect has been explained by the reduction of mesophyll conductance to CO 2 (g m ) in leaves with greater LMA (Niinemets 1999 , Flexas et al. 2008 , Hassiotou et al. 2009 , Niinemets et al. 2009a ). Mesophyll conductance is often the most significant photosynthetic limitation, especially in evergreens, and its variation across species is strongly driven by a number of anatomical traits that scale with LMA , Niinemets and Keenan 2014 , PegueroPina et al. 2016a . Specifically, the fact that net CO 2 assimilation is constrained by large LMA has been mostly related to (i) the increase in the resistance of the CO 2 diffusion in the gas-phase associated with greater leaf thickness (LT) (Niinemets et al. 2009b , Tosens et al. 2012a , Tomás et al. 2013 ) and (ii) the increase in the resistance of CO 2 diffusion in the leaf liquid phase associated with thicker cell walls and overall greater leaf density (Peguero-Pina et al. 2012 , Tosens et al. 2012a , Tomás et al. 2013 . As LMA is a product of LT and density (Niinemets 1999 , Poorter et al. 2009 ), such anatomical controls could well explain the negative scaling of g m with LMA across species (Niinemets et al. 2009b , Tosens et al. 2012a , Tomás et al. 2013 .
However, there are other leaf anatomical traits (i.e., packing of mesophyll cells relative to each other and to the distance and position of stomata, chloroplast surface area exposed to intercellular air spaces and chloroplast size) that quantitatively determine the variability in g m and photosynthetic capacity among species and that can modulate the relationships of g m with LMA, LT and cell-wall thickness (Tomás et al. 2013 , Peguero-Pina et al. 2016b . Such scaling relationships can even be observed within the same species under different environmental conditions (Terashima et al. 2011 , Tosens et al. 2012b , PegueroPina et al. 2016a , 2016c . Several studies have indicated that leaves with thicker mesophyll have larger surface area of mesophyll cells exposed to intercellular air spaces per unit leaf area, implying a greater g m in thicker leaves (Hanba et al. 1999 , Terashima et al. 2006 , Peguero-Pina et al. 2016b ). This could be interpreted as a way of improving g m and, consequently, photosynthesis in species with large LMA values. Given these compensatory mechanisms, Mediterranean species, on average, have similar photosynthetic capacity-despite their greater LMA-to plants from any other biome . These authors hypothesized that high LMA in Mediterranean species is also responsible for the enhanced capacity of carboxylation per area (V c,max ) due to increased Rubisco content per area in thicker leaves with more cell layers.
Therefore, we hypothesize that the existence of such adaptations at anatomical and/or biochemical level improving the mesophyll CO 2 conductance and/or the capacity of carboxylation per area in Q. ilex would explain the within-species increases in net CO 2 assimilation with increasing foliage robustness. To the best of our knowledge, there is a lack of information on how the ecotypic variation of photosynthetic characteristics within a single species is driven by changes in ultrastructural/biochemical mesophyll traits. In order to solve this question, we compared the morphological, anatomical, chemical and photosynthetic traits of seven Q. ilex provenances from Spain and Italy in a common garden with the main emphasis to elucidate the ultimate causing factor(s) of the rangewide trends demonstrated by Niinemets (2015) for this species.
Materials and methods

Plant material and experimental conditions
Holm oak (Q. ilex subsp. rotundifolia and Q. ilex subsp. ilex) seeds from seven provenances located in Spain and Italy (Table 1) were (Peguero-Pina et al. 2014 , Niinemets 2015 . Thus, regions of Q. ilex subsp. ilex provenances sampled here had annual precipitation values (P) higher than those for Q. ilex subsp. rotundifolia (Table 1 ). In contrast, the mean annual temperatures (T) were very similar among all provenances ( Table 1) . As a consequence, the Martonne aridity index [MAI = P/(T + 10)] was also higher in regions of Q. ilex subsp. ilex provenances (Table 1 ).
Leaf gas exchange and chlorophyll fluorescence measurements
Simultaneous gas exchange and chlorophyll fluorescence measurements were conducted with an open gas exchange system (CIRAS-2, PP-Systems, Amesbury, MA, USA) fitted with an automatic universal leaf cuvette (PLC6-U, PP-Systems) and an FMS II portable pulse amplitude modulated fluorometer (Hansatech Instruments Ltd, Norfolk, UK). In all measurements, vapor pressure deficit was kept at 1.25 kPa and leaf temperature at 25°C. The photosynthesis measurements started once the steadystate gas-exchange rate was reached at a CO 2 concentration surrounding the leaf (C a ) of 400 μmol mol -1 , and a saturating photosynthetic photon flux density (PPFD) of 1500 μmol m -2 s -1
(usually in 30 min after enclosure of leaf in the cuvette). Six CO 2 response curves per provenance were measured using lightadapted mature leaves under saturating PPFD of 1500 μmol m -2 s -1
by changing C a between 50 and 1800 μmol mol -1 (see PegueroPina et al. 2016a for details). After each steady-state gas-exchange rate was reached, the net assimilation rate (A N ), the stomatal conductance (g s ) and the effective quantum yield of PSII (Φ PSII ) were estimated. The Φ PSII was calculated as (F′ M − F S )/F′ M , where F S is the steady-state fluorescence and F′ M is the maximum fluorescence during a light-saturating pulse of~8000 μmol m −2 s −1 (Genty et al. 1989) . Photosynthetic electron transport rate (J F ) was then calculated according to Krall and Edwards (1992) , following the methodology described in Peguero-Pina et al. (2016a) . Leakage of CO 2 in and out of the cuvette was determined for the same range of CO 2 concentrations as described in Flexas et al. (2007a) and used to correct for measured leaf fluxes.
Estimation of mesophyll conductance, g m , by gas exchange and chlorophyll fluorescence
Mesophyll conductance (g m ) was estimated according to the method of Harley et al. (1992) , as follows:
where A N and the substomatal CO 2 concentration (C i ) were taken from the gas-exchange measurements at saturating light, whereas Γ* (the chloroplastic CO 2 compensation point in the absence of mitochondrial respiration) and R L (the respiration rate in the light) were estimated for each provenance as described in Flexas et al. (2007b) . The obtained g m values were used to convert A N -C i responses into A N -C c responses (where C c is the chloroplastic CO 2 concentration) using the equation
The maximum ribulose-1,5-bisphosphate carboxylation (V c,max ) and photosynthetic electron transport (J max ) capacities were calculated from the A N -C c curves, using the Rubisco kinetic characteristics and their temperature dependencies described by Galmés et al. (2016) . The model by Farquhar et al. (1980) was fitted to the data by applying an iterative curve-fitting technique (least square difference) using the Solver tool of Microsoft Excel.
Morphological and anatomical measurements and leaf nitrogen concentration
Sections of 1 mm × 1 mm from the same leaves used for gasexchange were cut between the main veins and processed for anatomical measurements following the methodology described in Peguero-Pina et al. (2016b) . Semi-thin (0.8 μm) and ultrathin (90 nm) cross-sections were cut with an ultramicrotome (Reichert and Jung model Ultracut E). Semi-thin cross-sections were stained with 1% toluidine blue and viewed under a light microscope (Optika B-600TiFL, Optika Microscopes, Ponteranica, Italy). Ultrathin cross-sections were contrasted with uranyl acetate and lead citrate and viewed under a transmission electron microscope (H600, Hitachi, Tokyo, Japan). Light and electron microscopy images were analyzed with ImageJ software (http:// rsb.info.nih.gov/nih-image/) to determine leaf anatomical characteristics. Light micrographs were used to measure LT, mesophyll thickness between the two epidermal layers, number of palisade layers, fraction of the mesophyll tissue occupied by the intercellular air spaces (f ias ), and mesophyll (S m /S) and chloroplast (S c /S) surface area facing intercellular air spaces per leaf area (Evans et al. 1994 , Syvertsen et al. 1995 , Tomás et al. 2013 . Electron micrographs were used to measure the cell-wall thickness (T cw ), cytoplasm thickness (T cyt ), chloroplast length (L chl ) and chloroplast thickness (T chl ) (Tomás et al. 2013) . Each anatomical trait was measured on three different sections and four to six different fields of view. Leaf dry mass per unit area (LMA) was measured in 30 mature leaves sampled from 10 individuals per provenance (i.e., three leaves were randomly taken from each individual). Leaf area was measured after scanning the leaves with the ImageJ software. Leaf dry mass was determined after leaves were oven dried at 70°C for 3 days. The LMA was calculated as the ratio of foliage dry mass to foliage area. Total leaf nitrogen concentration was determined in dried leaves using an Organic Elemental Analyzer (Flash EA 112, Thermo Fisher Scientific Inc., Waltham, MA, USA).
g m modeled on the basis of anatomical traits
Mesophyll diffusion conductance (g m ) was estimated using the measured leaf anatomical traits as a composite conductance for within-leaf gas and liquid diffusion pathways, according to the one-dimensional gas diffusion model of Niinemets and Reichstein (2003) as applied by Tosens et al. (2012b) :
where g ias is the gas-phase conductance from substomatal cavities to outer surface of cell walls, g liq is the conductance in the liquid and lipid phases from the outer surface of cell walls to chloroplasts, R is the gas constant (Pa m 3 K -1 mol -1 ), T k is the absolute temperature (K) and H is the Henry's law constant for CO 2 (Pa m 3 mol -1
). g m is defined as a gas-phase conductance, and thus H/(RT k ), the dimensionless form of the Henry's law constant, is needed to convert g liq to corresponding gas-phase equivalent conductance (Niinemets and Reichstein 2003) .
The gas-phase conductance (and the reciprocal term, r ias ) was calculated as desbribed in Niinemets and Reichstein (2003) :
where ΔL ias (m) is the average gas-phase thickness, τ is the diffusion path tortuosity (1.57 m m −1
, Syvertsen et al. 1995) , D A is the diffusivity of the CO 2 in the air (1.51.10 −5 m 2 s −1 at 25°C) and f ias is the fraction of intercellular air spaces. ΔL ias was taken as the half of the mesophyll thickness. Total liquid phase conductance (g liq ) from the outer surface of cell walls to the carboxylation sites in the chloroplasts is the sum of serial resistance of the cell wall (r cw ), the plasmalemma (r pl ) and inside the cell (r cel,tot ) (Tomás et al. 2013 ):
Cell-wall conductance was calculated as described in PegueroPina et al. (2012) . We used an estimate of 0.0035 m s −1 for the conductance of plasma membrane (Tosens et al. 2012b) . The conductance inside the cell was calculated considering two different pathways of CO 2 (one for cell wall parts lined with chloroplasts and the other for interchloroplastial areas, Tholen et al. 2012) as described by Tomás et al. (2013) .
Quantitative limitations analyses of A N and partial limitations of g m
The relative controls on A N imposed by stomatal conductance (l s ), mesophyll diffusion (l m ) and biochemical capacity (l b ) were calculated following the quantitative limitation analysis of Grassi and Magnani (2005) as applied in Tomás et al. (2013) . Different fractional limitations, l s , l m and l b (l s + l m + l b = 1) were calculated as:
where g tot is the total conductance to CO 2 from ambient air to chloroplasts (sum of the inverse serial stomatal and mesophyll conductances to CO 2 , g s and g m ). ∂A N /∂C c was calculated as the slope of A N -C c response curves over a C c range of 50-100 μmol mol −1
. Average estimates of the quantitative limitations of A N were calculated for at least five different leaves for each provenance.
The determinants of g m were separated considering the component parts of the diffusion pathway (Eqs. 1-3) as in Tomás et al. (2013) . The share of g m determined by gas-phase conductance (l ias ) was calculated as
The share of g m by different components of the cellular phase conductances (l i ) was estimated as
where l i is the limitation by the cell wall, the plasmalemma and inside the cell, and g i refers to the diffusion conductance of each corresponding diffusion pathway.
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Statistical analyses
Data are expressed as means ± standard error (SE). One-way ANOVAs were carried out to identify the provenance effect on photosynthetic, morphological and anatomical traits. Traits among provenances were compared by post hoc Tukey's Honest Significant Difference test. Moreover, the Pearson pairwise correlation matrix was calculated to test for correlations among leaf traits for different provenances. Finally, to summarize the multivariate relationships among photosynthetic, morphological, anatomical, chemical and climatic parameters of holm oak provenances, we carried out a principal component analysis (PCA). According to previous analyses, we chosen the variables which: (i) accounted for a higher proportion of variance in the first two principal components of the PCA and (ii) were not redundant (uncorrelated). Then, we calculated the PCA based on a correlation matrix using the Spearman rank correlation coefficient and the selected variables. All statistical analyses were performed with SAS version 8.0 (SAS, Cary, NC, USA).
Results
Variability in photosynthetic traits among provenances
Foliage photosynthetic characteristics were statistically different (P < 0.05) between the studied provenances ( Figure 1 ). Two provenances of Q. ilex subsp. rotundifolia (Extremadura and Soria) showed the highest values for A N , g m , V c,max and J max , whereas two provenances of Q. ilex subsp. ilex (Lazio and Sardinia) showed the lowest ones (Figure 1 ). This trend was not observed for g s since the highest and the lowest value were recorded in two provenances of Q. ilex subsp. rotundifolia (Soria and Cazorla, respectively). The relationships between A N and g m , A N and V c,max , and A N and J max were statistically significant at P < 0.01, whereas the relationship between A N and g s was statistically significant at P < 0.05 (Figure 2) . Analysis of quantitative limitations of photosynthesis revealed that A N was mainly limited by diffusional processes (l s and l m ), whereas biochemical limitations (l b ) were only between 4 and 10% of total for all the studied provenances (Table 2) .
Variability in leaf morphological and anatomical traits among provenances and consequences for internal CO 2 diffusion
The studied Q. ilex provenances displayed contrasting values of leaf and cellular anatomical traits (Table 3 and see Tables S1 and S2 available as Supplementary Data at Tree Physiology online). Quercus ilex subsp. rotundifolia provenances showed lower values of leaf area and higher values of LMA and LT than Q. ilex subsp. ilex provenances, especially Extremadura (1.82 ± 0.11 cm 2 , 247.0 ± 9.0 g m −2 and 316 ± 8 μm, respectively) and Soria (1.70 ± 0.25 cm 2 , 284.9 ± 5.8 g m −2 and 348 ± 10 μm, respectively) ( Table 3) . Regarding the cellular traits, Q. ilex subsp. ilex provenances Lazio and Sardinia had the lowest values of S c /S (5.8 ± 0.8 and 5.6 ± 0.8, respectively) and the and (E) maximum capacity for photosynthetic electron transport (J max ) for the seven studied Quercus ilex provenances (black bars, Q. ilex subsp. rotundifolia; white bars, Q. ilex subsp. ilex). Different letters indicate significant differences among provenances (Tukey's test, P < 0.05).
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highest values of T cw (0.484 ± 0.014 μm and 0.462 ± 0.010 μm, respectively), whereas Q. ilex subsp. rotundifolia provenances Extremadura and Soria showed the lowest T chl values (1.04 ± 0.07 μm and 1.17 ± 0.10 μm, respectively) ( Table 3) . The different components of the CO 2 transfer resistances relative to total mesophyll resistance were estimated using the leaf anatomical traits measured for each holm oak provenance. A strong positive linear relationship was found between modeled and measured g m values (R 2 = 0.96, F = 117.3, P < 0.01; Figure 3 ). Furthermore, measured g m was weakly associated with S c /S (R 2 = 0.51, P = 0.07), T cw (R 2 = 0.54, P = 0.06),
T chl (R 2 = 0.53, P = 0.06) and f ias (R 2 = 0.11, P > 0.1) (data not shown). Thus, the detailed analysis of individual limitations of g m confirms that the CO 2 diffusion in the liquid phase (mainly through the cell wall and inside the cell) is the most limiting factor for g m in the studied provenances (Table 4) .
Variability in leaf nitrogen content among provenances as a determinant for the observed differences in V c,max
The within-species differences found among holm oak provenances in V c,max (Figure 1 ) are mainly driven by differences in leaf nitrogen content, as reflected in the linear relationship between nitrogen content and V c,max (R 2 = 0.83, F = 24.2, P < 0.01; Figure 4 ). Moreover, the within-species differences found in the area-based leaf nitrogen content were positively correlated with LT and LMA across the studied provenances ( Figure 5 ).
Contrasting leaf traits between Q. ilex subsp. rotundifolia and Q. ilex subsp. ilex
Across the studied Q. ilex provenances, photosynthetic, morphological and anatomical traits were significantly correlated with each other in most cases (Table 5 ). The PCA based on the photosynthetic, morphological, anatomical, chemical and climatic traits of Q. ilex provenances indicated that the first principal component accounted for 71% and the second for 15% of the total variation ( Figure 6 ). The scores of the holm oak provenances in the PCA biplot indicated that the variables analyzed here clearly separated Q. ilex subsp. rotundifolia and Q. ilex subsp. ilex provenances, indicating physiological and structural diversification ( Figure 6 ).
Discussion
The within-species variation range in subcellular-and cellularlevel traits in Q. ilex uncovered here resembles that found for traits at whole-leaf level in this species by Niinemets (2015) . Thus, this evidence demonstrated in our study further underscores a major species range-wide variation in leaf functional traits in holm oak. Moreover, our work confirms the withinspecies increases in net CO 2 assimilation with increasing foliage robustness through the positive relationship between LMA and A N (Table 5 ). In addition, we have demonstrated the existence of adaptations at anatomical and biochemical levels that are the ultimately responsible for the within-species trends found in the photosynthetic performance of Q. ilex. The present study establishes a causal link between net CO 2 assimilation per unit leaf area and subcellular, cellular and Figure 2 . Relationships between average (±SE) net photosynthesis (A N ) and (A) stomatal conductance (g s ), (B) mesophyll conductance (g m ), (C) maximum velocity of carboxylation (V c,max ) and (D) maximum capacity for electron transport (J max ) for the seven studied Q. ilex provenances (subsp. rotundifolia: Cazorla, Extremadura and Soria; subsp. ilex: Gerona, Veneto, Lazio and Sardinia). Table 2 . Relative stomatal (l s ), mesophyll (l m ) and biochemical (l b ) photosynthesis limitations for the seven studied Q. ilex provenances (subsp. rotundifolia: Cazorla, Extremadura and Soria; subsp. ilex: Gerona, Veneto, Lazio and Sardinia). Data are mean ± SE. Different letters indicate significant differences among the provenances (Tukey's test, P < 0.05). whole-leaf anatomical traits (Table 5 , Figure 6 ). The study further highlights that the anatomical control on photosynthesis operates through mesophyll conductance (Figure 2 ), corroborated by the fact that g m was the factor most strongly limiting A N in this species (Table 2) . In this regard, the strong relationship between measured and simulated g m estimates (Figure 3 ) largely supports a predominant role of structural characteristics in determining the within-species differences in net CO 2 assimilation among Q. ilex provenances.
Comparisons of the values of g m estimated experimentally and estimated from leaf anatomical traits have demonstrated strong correlations among both estimates across different species (Peguero-Pina et al. 2012 , 2016c , Tosens et al. 2012b , Tomás et al. 2013 , including several Quercus species (Peguero-Pina et al. 2016a , 2016b . As far as we know, this is the first study that establishes a correspondence between g m estimated using conventional methods and modeled based on leaf anatomical properties within the same species grown in a common garden. In particular, within-species differences in g m for Q. ilex can be partly attributed to the variation in several leaf anatomical traits, mainly to the changes in T cw , T chl and S c /S Figure 3 . Correlation between average (±SE) values of mesophyll conductance (g m ) modeled using anatomical traits and g m measured with the Harley et al. (1992) method for the seven studied Q. ilex provenances (subsp. rotundifolia: Cazorla, Extremadura and Soria; subsp. ilex: Gerona, Veneto, Lazio and Sardinia). Table 4 . Quantitative limitations of mesophyll conductance to CO 2 (g m ) due to different anatomical components of the diffusion pathway: intercellular spaces (l ias ), cell wall (l cw ), plasmalemma (l pl ) and inside the cell (l cel,tot ) in the seven studied Q. ilex provenances (subsp. rotundifolia: Cazorla, Extremadura and Soria; subsp. ilex: Gerona, Veneto, Lazio and Sardinia). Table 3 . Leaf area, leaf mass area (LMA), leaf thickness (LT), chloroplast surface area exposed to intercellular airspace (S c /S), cell-wall thickness (T cw ) and chloroplast thickness (T chl ) for the seven studied Q. ilex provenances (subsp. rotundifolia: Cazorla, Extremadura and Soria; subsp. ilex: Gerona, Veneto, Lazio and Sardinia). Data are mean ± SE. Different letters indicate significant differences among the provenances (Tukey's test, P < 0.05). and maximum velocity of carboxylation (V c,max ) for the seven studied Q. ilex provenances (subsp. rotundifolia: Cazorla, Extremadura and Soria; subsp. ilex: Gerona, Veneto, Lazio and Sardinia). Data are means ± SE.
( Table 3 ). These three traits are typically dominating variations in g liq , although the quantitative extent of control can differ among different species (Terashima et al. 2005 , 2011 , Peguero-Pina et al. 2012 , 2016c , Tosens et al. 2012b , Tomás et al. 2013 ). According to our data, g m can be increased through the improvement of S c /S, decrease of cellwall thickness and/or chloroplast thickness (Table 5) , pointing out that the combination of these factors determines to a large extent the mesophyll conductance for the studied Q. ilex provenances.
Besides the major importance of mesophyll diffusion limitations on net photosynthesis, there are other photosynthetic characteristics influencing A N in Q. ilex. Thus, the within-species variation in photosynthetic capacity also depended on the variation in V c,max among the studied provenances (Figure 2) , which was reflected in the positive scaling of V c,max with g m (Table 5) , perhaps to maximize the efficiency of the latter as the most limiting factor for photosynthesis in this species. The greater V c,max was associated with an increased nitrogen content per area (Figure 4 ), probably as a result of overall number of cell layers and greater leaf volume in thicker leaves (Niinemets 1999 . Indeed, increases in LT and LMA in Q. ilex were associated with greater leaf nitrogen content per area ( Figure 5 ; Niinemets 2015) . Therefore, this evidence suggests that the increase in foliage robustness was also responsible for the compensating greater V c,max among holm oak provenances, as previously suggested by Flexas et al. (2014) for Mediterranean species. A strong correlation of J max with A N (Figure 2 , Table 5 ) further indicates a coordination between the Rubisco carboxylase activity and the generation of reducing power in the electron transport chain. Finally, g s was also positively correlated with A N , although the correlation was not as strong as those found for g m and V c,max and g m and A N (Figure 2 , Table 5 ). The differences found in g s could be influenced by the existence of differences in stomatal density and size (Franks and Beerling 2009) . In the present Figure 5 . Exponential relationships between leaf nitrogen content per area (N) and (A) leaf thickness (LT) and (B) leaf dry mass per unit area (LMA) for the seven studied Q. ilex provenances (subsp. rotundifolia: Cazorla, Extremadura and Soria; subsp. ilex: Gerona, Veneto, Lazio and Sardinia). Data are means ± SE. Table 5 . Pearson pairwise correlation coefficients among leaf traits for the seven studied Q. ilex provenances (see Table 3 and Figures 1 and 4 for abbreviations). ***, ** and * denote that correlations are significant at P < 0.01, P < 0.05 and P < 0.1, respectively. study, large differences in stomatal density were detected between two provenances representing the higher and lower values of g s (Soria and Lazio, data not shown), which may explain the within-species differences found in g s . Previous studies have underscored the great variability exhibited by Q. ilex across its circum-Mediterranean distribution, both in terms of morphological (Gratani 1996, Ogaya and Peñuelas 2007) and ecophysiological traits, such as xylem resistance to water stress-induced embolism (Lo Gullo and Salleo 1993 , Tyree and Cochard 1996 , Corcuera et al. 2004 , Limousin et al. 2010 . Recently, Peguero-Pina et al. (2014) concluded that the reduction in leaf area was one of the most outstanding morphological divergences between both subspecies (Table 3 ). The great reduction in leaf area reported in Q. ilex subsp. rotundifolia can be considered a general feature of many Mediterranean woody plants (Ackerly et al. 2002 , Ackerly 2004 ). Moreover, Peguero-Pina et al. (2014) , when comparing the hydraulic traits of Q. ilex subsp. rotundifolia and Q. ilex subsp. ilex, stated that both subspecies represent contrasting ecotypes or 'functional types' in response to climate dryness of their natural distribution ranges. The results of the present study further reinforce this hypothesis as both subspecies were clearly segregated in the functional trait space (Figure 6 ). Indeed, provenances of Q. ilex subsp. rotundifolia living under more arid conditions (Table 1) had increased photosynthetic capacity per unit leaf area when compared with provenances of Q. ilex subsp. ilex occurring in milder coastal areas, which might compensate for possible limitations in net CO 2 assimilation if soil water uptake is restricted during summer.
Conclusions
We conclude that g m is the factor most strongly limiting carbon assimilation in all the studied Q. ilex provenances. Moreover, we have observed a strong ecotypic variation in the photosynthetic performance of individual provenances of Q. ilex. Thus, the higher A N exhibited by Extremadura and Soria can be explained by a synergistic effect among anatomical and biochemical traits, which markedly improved g m and V c,max in these provenances. The existence of adaptations at subcellular and cellular levels explains the within-species increases in net CO 2 assimilation per unit leaf area with increasing foliage robustness.
